Waxes used in dentistry are combinations of two or more natural waxes plus small amounts of additives, such as oils, natural resins, synthetic waxes, and coloring agents. The ultimate goal of the combination of waxes and additives is to produce dental waxes that possess a set of given physical properties over a specified range of temperature. Although considerable effort has been expended to determine the physical properties desired in dental wax'-' and the properties of dental waxes during their manipulation,4-10 little information is available on the properties of the natural waxes11-16 used as components to produce dental waxes. Such studies have been confined to meltingpoint curves of binary and ternary mixtures;11-13 the effect of composition on the specific gravity;14 and the general composition of waxes, their melting points, and the effect of composition on the melting point. [15] [16] The purpose of this investigation, therefore, was to categorize the ingredient waxes used in dental waxes by means of physical tests. The flow qualities, melting range, setting range, and linear thermal expansion of mineral, plant, insect, and inlay waxes were measured in this study. 
Waxes used in dentistry are combinations of two or more natural waxes plus small amounts of additives, such as oils, natural resins, synthetic waxes, and coloring agents. The ultimate goal of the combination of waxes and additives is to produce dental waxes that possess a set of given physical properties over a specified range of temperature. Although considerable effort has been expended to determine the physical properties desired in dental wax'-' and the properties of dental waxes during their manipulation,4-10 little information is available on the properties of the natural waxes11-16 used as components to produce dental waxes. Such studies have been confined to meltingpoint curves of binary and ternary mixtures;11-13 the effect of composition on the specific gravity;14 and the general composition of waxes, their melting points, and the effect of composition on the melting point. [15] [16] The purpose of this investigation, therefore, was to categorize the ingredient waxes used in dental waxes by means of physical tests. The flow qualities, melting range, setting range, and linear thermal expansion of mineral, plant, insect, and inlay waxes were measured in this study. The selection of waxes, therefore, includes a wide range of sources, composition, and properties. The properties of these waxes will control to a great extent the combinations used for various applications in dentistry.
Materials and Methods
MELTING AND SETTING RANGES.-The melting range of four samples of each wax was tested using the closed-capillary-tube method as described by Warth.16 The setting range was determined from a plot of the temperature versus the time curve. A 10-ounce glass jar of wax was melted in an electric oven and maintained for 15 minutes at a temperature about 200 C. above its solidification point. The jar of molten wax was then placed in the center of a container 3 inches high and 3.5 inches in diameter, and asbestos insulation was packed around it. A warm thermometer, having a range between -10 and 1010 C. with 0.10 C. subdivisions, was placed in the center of the wax, and the top of the container was sealed with a large cork. Figure 1 . The solid lines represent cooling curves, and the dotted lines represent a plot of temperature versus the time between each 0.50 C. reading. From these differential plots, it can be observed that the rate of temperature change for beeswax during solidification is much greater than that for paraffin during solidification.
The setting ranges of the plant and inlay waxes also are listed in Table 2 . Among the plant waxes, carnauba had the highest setting range-80.0°-82.00 C.-and Japan wax had the lowest-41.50-44.0' C. All the plant waxes solidified over a 20-40 C. range. Japan wax was the only wax investigated that exhibited a temperature rise during solidification, as can be seen from the cooling curve plotted in Figure 2 . Both inlay waxes exhibited two transition ranges (see Fig. 2 Figure  3 . Both Kerr's hard inlay wax and beeswax exhibited their flow properties near mouth temperature. Paraffin flowed over a wide range of temperatures, which is shown by the gradual sloping flow curve. Carnauba did not flow until it reached a very high temperature close to its setting range, and the sharp sloping curve illustrates that this wax flowed over a small temperature range.
The per cent flow was determined at intervals of 1 minute during the flow tests. LINEAR THERMAL EXPANSION.-The coefficient of linear thermal expansion and the temperature ranges for all the waxes are listed in Table 3 . Carnauba possessed the smallest coefficient-15o + 10 X 10-6/0 C. -of all the waxes and was the only wax which exhibited a linear expansion between 220 and 520 C. All the other waxes had at least two rates of expansion over this temperature range. Ouricury had a thermal coefficient of 186 + 14 X 106/o C. between 220 and 43.00 C. and a coefficient of 307 + 29 X 10-6/0 C. between 43.0°and 520 C. Kerr's hard inlay wax had three rates of expansion between 220 and 500 C., while ceresin and Kerr's regular inlay wax showed four rates of expansion over this temperature range.
The Bennett'5 as the transformation from needleshaped crystals to rhomboid plates or leafy masses. These findings also are in agreement with those of Lasater,5 who has reported arrest points in dental waxes which he related to the distortion of wax patterns. This second-order transition point presents difficulties in that internal stresses result in wax patterns and it would be better if this point were well below room temperature. The use of microcrystalline waxes which have minute crystals and less orientation is preferred, and these should produce a more stable wax.
The importance of flow of wax at different temperatures has been emphasized by Taylor temperature change during solidification indicating the degree of crystallinity. The differential plot shows this feature more dramatically, with the sharpness and extent of the peak indicating greater crystallinity. For example, paraffin wax was more crystalline than beeswax, which had a smaller and broader peak. The microcrystalline waxes likewise were less crystalline than paraffin wax, which would suggest their being used preferentially in dental waxes. Japan wax was the most crystalline, and the cooling curve showed supercooling, which is characteristic of highly crystalline materials.
Paraffin wax exhibited a second discontinuity in the cooling curve 100 to 150 C. reached 380 C., and at 400 C. it flowed approximately 7 per cent. From these data it is easy to understand why beeswax has been used as a major ingredient in dental impression wax. Most of the mineral waxes had about a 10°C. range between 1 and 70 per cent flow, which indicated that these waxes were softening gradually over a broad temperature range. Four of the five mineral waxes flowed 50 per cent approximately 200 C. below their setting range. This might be explained by the fact that the mineral waxes are straight-or branch-chained hydrocarbons, and the secondary valence forces in these waxes are rather weak and gradually dissipated as the temperature is increased.
MIontan wax was the only mineral wax which required a temperature as high as 710 C., or 80 C. below its setting point, in order to flow 50 per cent. This wax, however, is similar to the plant waxes in that it is composed mainly of esters formed in nature by the union of higher alcohols with the higher fatty acids. The plant waxes also required temperatures close to their setting ranges to produce 50 per cent flow. Due to the presence of esters groups in these waxes, the secondary valence forces are rather strong, and a high temperature is necessary to overcome these forces. Once the secondary valence forces are overcome, these waxes flow rapidly; below this point, however, they often appear to fracture in a manner similar to a brittle material.
Yellow beeswax, which is also primarily an ester wax, flowed extensively 240 C. below its setting range and displayed an 80 C.
temperature difference between 1 and 70 per cent flow. This may be explained by the fact that yellow beeswax contains a large number of impurities which interfere with the secondary valence forces. As beeswax goes through the bleaching process and some of these impurities are removed, the secondary valence forces increase. The flow data illustrate this point, since bleached beeswax required a temperature closer to its setting range to produce a large amount of flow, and the temperature difference between 1 and 70 per cent flow was only 40 C.
A plot of per cent flow versus time for the hard inlay wax showed that at 400 C. the amount of flow in relation to time was linear. The total amount of flow after 10 minutes at this temperature was only 2 per cent, and the wax possessed enough internal strength to withstand the external stress application. At 420 C., after the load had been applied for 3 minutes, the internal strength was finally overcome and the rate of flow increased until the surface area of the specimen increased enough to cause a sufficient reduction in the external stress. Most of the waxes exhibited at least two rates of expansion between 220 and 520 C. These changes in rate of expansion occurred at second-order transition points. At these points the internal structural parts became more free to move. For example, during this transition hydrocarbon chains of a mineral wax became free to rotate; consequently, after a wax has been heated through a transition point, it is more free to expand. Ceresin and the inlay waxes exhibited more than two changes in rate of expansion. This is probably due to the fact that the ingredient waxes are undergoing second-order transitions which do not coincide with one another. Summary The purpose of this investigation was to categorize the ingredient waxes used in dental waxes by means of physical tests. Five mineral, four plant, two insect, and two inlay waxes were included. Their melting range, setting range, as determined from a Vdol. 44, No. 6 plot of temperature change versus time, flow properties, and linear thermal expansion between 22°and 520 C. were studied.
The melting range, measured by the closed-capillary-tube method, and the setting range of the waxes were in fair agreement. Most of the waxes investigated solidified in a range of 2°to 30 C. between temperatures of 410 and 870 C. Each of the two inlay waxes exhibited two setting ranges. The rate of temperature change during solidification was much greater for paraffin than for beeswax. Japan wax was the only wax investigated that exhibited supercooling during solidification.
The Classification of waxes by composition and physical properties is a sounder basis than classification by the source of the wax.
